We used the ligand 3-N-[2,-18F]fluoroethyl spiperone (FESP), which binds to Dz-dopamine receptors in the striatum, and positron emission tomography (PET) to quantify striatal Dz-dopamine densities (Bmax) and binding kinetics in baboon brain in vivo. Sequential PET scans were obtained for 4 h post injection. Various similar models based on a nonlinear kinetic four-compartment model that takes into account the effect of ligand specific activity were used. We investigated the effect of exact model configuration on the reliability of Bmax and other kinetic transfer coefficients. We found that with the ligand FESP and dynamic PET studies, the estimated val ues of Bmax and other model parameters are sensitive to the choice of model configuration, ligand specific activ-
Positron emission tomography (PET) with appro priate positron-emitting ligands allows the in vivo imaging and quantitation of neuroreceptors (Huang et aI. , 1986; Sedval et aI. , 1986;  Gjedde and Wong, 1987; Swart and Korf, 1987) . As a receptor class, D2-dopaminergic receptors have received much in terest since they have been implicated in a number of neurologic and psychiatric disorders. Recent PET investigations have reported modifications of Drreceptor densities in schizophrenia (Wong et aI., 1986) , progressive supranuclear palsy (Baron et aI. , 1986) , and normal aging (Wong et aI. , 1984; Baron et aI. , 1986) .
ity, and data analysis technique. The limitations of the reliability of parameter estimates in a complex kinetic model for receptor ligands were studied in simulation cal culations. Results showed that the accuracy of estimated values of Bmax is affected by both the ligand binding prop erties and the injected dose of ligand. The estimated av erage value of kinetic model parameters was as follows: ligand-receptor dissociation constant k4 = 0.0080 min -I; the product of ligand-receptor association constant and fraction of ligand available to bind to specific receptors fzka = 0.0052 (min nM) -I; and Dz-dopamine receptor density Bmax = 37.5 pmol g -I. Key Words: D2-Dopamine receptors-Fluoroethylspiperone-Neuroreceptor mod eling-Positron emission tomography.
In this study, we used the ligand 3-N-[2,_18F] fluoroethylspiperone (FESP) to quantitate neurore ceptor densities (Bmax) and affinities in baboon stri atum by PET. The ligand FESP binds to D2dopamine receptors in the striatum (Satyamurthy et aI. , 1986; Coenen et aI. , 1987) . We investigated the effect of model configuration and ligand specific ac tivity on the reliability of D2-dopamine receptor density and affinity estimates. This was done by analysis of a series of studies in the same baboon with different ligand specific activities and with var ious model configurations based on a comprehen sive four compartment model similar to that pro posed by Huang et al. (1986) . Using this kinetic model, we also obtained an estimate of transfer co efficients.
Simulation studies were carried out to study the effect of using ligands with different binding char acteristics and with various specific activities on estimated receptor densities in human studies. The use of multiple-injection studies is not warranted in human studies owing to the high ligand dose in jected. By an appropriate selection of neurorecep tor binding ligands and optimal experimental de sign, it may be possible to improve the reliability of Bmax estimates. These results may provide useful guidelines for experimental design in human neu roreceptor studies with PET.
THEORY

Compartmental model
The current state of neuroreceptor data analysis using PET has been reviewed in several recent ar ticles (Huang et al., 1986; Sedval et al., 1986; Gjedde and Wong, 1987; Swart and Korf, 1987) . A comprehensive model of ligand-receptor binding is shown in Pig. 1. The labeled ligand is assumed to be transported from arterial plasma into tissue by pas sive diffusion. It can subsequently bind to specific or nonspecific sites in tissue or be transported back into the vascular space. The kinetics of the labeled ligand can be modeled by the following set of non linear differential equations (Huang et al., 1986) 
where Kl and k2 are the transport rate constants; Cret), Cb(t), and C/I) are the radioactivity concen trations of free, specifically bound, and nonspecif ically bound labeled ligand in tissue, respectively; Cp(t) is the radioactivity concentration of the la beled ligand in plasma; ka and kd are the association and dissociation constants of labeled ligand and re ceptor, respectively; Bmax is the receptor density;
As is the specific activity of the radiolabeled ligand; and!2 is the fraction of ligand in the C[ compartment that is free to bind to specific receptors. ks and k6 correspond to reversible association and dissocia tion of the labeled ligand to nonspecific targets in tissue. The value of!2 is dependent on whether the nonspecifically bound compartment is explicitly ac counted for or not. Cb(t)IAs, and hence k3 = kaf2Bmax. In this case, the Eq. Set 1 can be "linearized" by approximating it as a set of ordinary differential equations with con stant coefficients (Huang et al., 1986) . In our anal ysis, the nonlinear model was used, thus taking into account the effect of specific activity. In dynamic PET, the various model parameters are determined by nonlinear regression fit of the measured tissue radioactivity to the total tissue ra dioactivity Cll):
In this work, the contribution of the vascular com partment to tissue radioactivity was accounted for as follows:
where CBV is the vascular fraction, Alt) is the ap parent tissue radioactivity concentration, and C�(t)
is the total 18p activity concentration (including me tabolites) in plasma.
METHODS
Animal studies
Nine separate PET dynamic studies were performed in the same adult male baboon (body weight, 10 kg) with tracer specific activities of 2. 8, 5.8, 32.4, 46 .0, 100.0, 576.0, 1,247.0, 1,414.0, and 5,000.0 Cilmmol. Anesthesia was induced with an intramuscular injection of 1.5 mg ketamine hydrochloride plus 2.5 mg xylazine per kilo gram body weight and it was maintained with 2.110.6 mg ketamine/xylazine kg -
The head of the anesthe tized animal was positioned such that the center plane of the tomograph passed through the striatal area. This was done by aligning tattoo marks on the baboon face from a previous study with the PET reference laser beam. Five to 10 mCi of the labeled ligand dissolved in 2-3 ml of solution was injected into the saphenous vein. A total of 25 1-ml arterial blood samples were taken for 4 h post injection at intervals gradually increasing from 15 s to 15 min and were corrected for metabolites by HPLC analy sis (Coenen et aI. , 1988) . PET scans were obtained with a Scanditronix PC-384 seven-slice tomograph with a transverse resolution of 7. 8 mm at a slice thickness of -11 mm (Litton et aI. , 1984) . Sequential images of the 18F activity distribution were recorded for 4 h post injection, with scan durations in creasing gradually from 1 to 15 min. At peak activity, 1-3
x 10 6 coincidence counts per slice were collected in a 5-min scan. The shortest time interval between studies was 1 week. After studies with low specific activity where a high mass dose of the tracer was used, at least 2 weeks was allowed for the tracer to clear from tissue.
Image processing
The spatial activity distribution in the scanned slices was reconstructed employing an edge-finding algorithm to determine the skull contour for attenuation correction (Bergstrom et aI. , 1982) . Scattered events were corrected with a deconvolution procedure (Bergstrom et aI. , 1983) . Using a ftltered back-projection algorithm, we obtained a 128 x 128 matrix that was displayed as an interpolated 256 x 256 pixel image. On the tomographic images rep resenting the cerebellum and the striatum, regions of in terest (ROIs) were outlined individually according to standard neuroanatomical and computerized tomography atlases. The size, shape, and position of these regions were chosen to match the anatomy as close as possible. No partial volume correction was applied to the data. Radioactivities measured in tissue and plasma were cor rected for decay and adjusted by cross-calibration of the respective counters.
Data analysis
To assess the influence of diff erent data analysis tech niques on the estimated value of Bmax, several data anal ysis methods were applied to nine independent PET dy namic measurements of the same baboon injected with tracer with specific activity ranging from 2. 8 to 5,000. 0
Cilmmoi. Bmax was estimated with the following methods (A-F), summarized in Table 1 : B max
f, fitted; 0, parameter was set to zero; CV, ks and k6 were set to cerebellar values found at each specific activity. Mean ± SD (n = 9) values were ks = 0.0106 ± 0.0083 min -I and k6 = 0.0063 ± 0.0048 min -I. In methods A and B, 12k. was fixed at 0.0025 (min nM) -I.
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A. Time-activity curves (TACs) were fitted for K 1 , k2' and k4• ks and k6 were fixed at zero; i. e. , the kinetics were modeled with a three-compartment model, assuming that the radioactivity concentration of the free and nonspecif ically bound ligand can be modeled by one compartment.
f2ka was fixed at a typical value of 0. 0025 (min nM)-I.
B. The uptake curves were fitted for K 1 , k2' and k4' as in method A, but ks and k6 were included in the model equation by setting their values to that found in the cer ebellum, which is devoid of spiperone specific binding sites (Kuhar et al. , 1978; Laduron et al. , 1978) .f2ka was fixed at a typical value of 0. 0025 (min nM) -I. C. TACs were fitted for K 1 , k2' and ka. The parameters k4' k5' and k6 were fixed at zero. This model corresponds to a three-compartment model with three rate constants.
D. The uptake curves were fitted for K 1 , k2' and ka. The rate constant k4 was set to zero and ks and k6 were fixed to values found in the cerebellum. E. TACs were fitted for K 1 , k2' k4' and ka• The rate constants ks and k6 were fixed at zero.
F. The uptake curves were fitted for K 1 , k2' k4' and ka. k5 and k6 were fixed to values found in the cerebellum.
The following initial values were always used: K 1 = 0. 1 ml (min g) -I, k2 = 0. 03 min -I , k4 = 0. 004 min -I J2ka = 0.0025 (min nM) -I, Bmax = 25 pmol g -I. CBV was fixed at 0. 05. They were chosen according to information al ready available from animal experiments. As can be seen in Table 2 , the final estimated parameter values are very different from the initial values. The mean values (±SD; n = 9) of ks and k6 in the cerebellum were 0.01057 ± 0.00832 and 0. 00627 ± 0. 00484 min -I. In methods, B, D, and F, ks and k6 were set to cerebellar values found at each specific activity. In all techniques, Bmax and other model parameters were fitted using a system for function optimization (James and Roos, 1976) . The simplex algo rithm (NeIder and Mead, 1965) and subsequently the vari able metric method of Fletcher (1970) were used as opti mization techniques. The simplex method of NeIder and Mead is rather insensitive to local minima, statistical, and rounding errors. Furthermore, it is reasonably fast when far from minimum. The variable metric method of Fletcher is very fast near a minimum but slower in a nonquadratic region. In the estimation process, all obser vations were given equal weighting. In the generation of the nonlinear model equation, the set of differential equa tions was solved using the technique of Gear (1971) . The input function was either numerically interpolated or fit ted with a cubic spline function (Ahlberg et aI. , 1976) .
To test the hypothesis of whether the difference in the variance of model parameter estimates between different analysis methods is significant, a t test was used. This t test, in comparison to an F test, takes into account the correlation between the samples. The t statistic was cal culated as follows (Bartel, 1976) :
where Sl and S2 correspond to sample variances; r12 is the correlation coefficient between the samples of the two data sets; n denotes the number of samples; and df is the degrees of freedom. The Bartel approach makes no as sumption about the number of model parameters. It may be used to compare models with different numbers of parameters. Using this approach, the preferred model is one that produces statistically the least scatter (lowest standard deviation) of estimated model parameters.
Simulation studies
It is possible to obtain more accurate Bmax values in human PET kinetic experiments by judicious experimen tal design. Simulation studies were performed to study the influence of the following factors on the coefficient of variation and bias of Bmax: (a) the effect of varying the ligand used by varying the ratio KDif2 in the range of 0. 1-100 pmol g-I; (b) the effect of the mass of ligand used by varying the specific activity in the range of l. 0-1O,000 Cilmmoi. The following are typical mean parameter val ues in human studies (Wienhard et ai., 1989) : K I = 0. 13 ml (min g)-I; k2 = 0. 08 min-I; f2ka = 0. 0032 (min nM)-I; CBV = 0. 05; k4 = 0.005 min-I; and Bmax = 30. 0 pmol g-I. A patient plasma curve, obtained with an ap plied labeled ligand of specific activity of 1,112 Cilmmol and corrected for metabolites, was used. Noise with a Poisson distribution was added to the calculated tissue activity curve Aj(t) (Evans et ai. , 1986; Jovkar et ai. , 1989) . The scan times were chosen at every 1 min from 2 to 6 min, every 4 min from 6 to 10 min, every 5 min from 10 to 65 min, and every 15 min from 65 to 245 min. For each tissue curve, 10 noise patterns were added at each noise condition. Method E was then employed to esti mate Bmax, since it takes into account the effect of all parameters (k4 is not fixed to zero).
RESULTS
Animal studies
U sing the nonlinear kinetic model of Fig. 1 , var ious analytical methods, whose characteristics are described in Table 1 , were compared for their per formance in terms of the estimated parameter pre cision. Table 2 shows the mean and standard devi ation of K1, k2' k4,f2ka' and Bmax in baboon striatal ROIs in nine independent kinetic studies using var ious analysis methods. The standard deviations for each method (A-F) were calculated from the exper iments with different specific activities. Note that the difference in parameter standard deviation be tween various analysis methods is due only to the particular analysis technique since all other exper imental factors are identical for all methods. Using a t test (Eq. 4), there was insignificant (p > 0.05) method effect on the variance of K1, k2' f2ka' and Bma x estimates. Method F, however, resulted in a significantly (p < 0.005) higher variance of k4 esti mates than all other methods. Table 3 shows the estimated Bmax values using method E in the stria tum of baboon with various specific activities As' In all methods, at low ligand specific activities «30 Cilmmol), the fitting algorithm did not con verge as revealed by examination of residuals be tween model prediction and measured TACs, and Bmax was overestimated. In the fitting of tissue TACs, the individual estimated values of Bmax were sensitive to the analysis method and ligand specific activity. In all methods, the estimated K1, k2' k4' and f2ka values were sensitive, but there was no obvious functional relationship to the specific activ ity of the ligand.
The nonlinear model described well the measured TACs, and a good fit was obtained by analysis of the residuals between the tissue measurements and the fitted curve. Figure 2 shows a typical model fit to the measured kinetic PET data in the striatum of baboon. Each datum point corresponds to the mea sured radioactivity by PET, and the continuous line is an approximation by the nonlinear model of Fig. 1 . where Bma x is the estimated receptor density and B�ax is the actual receptor density. Figure 4 shows the (arithmetic) mean of the bias, for various spe- 0.3026 ± 0.0755 0.0624 ± 0.0272 0.0080 ± 0.0088 0.0052 ± 0.0033 37. 5 ± 11.5 F 0.3077 ± 0.0612 0.0612 ± 0.0339 0.0141 ± 0.0278 0.0032 ± 0.0022 31.5 ± 9.1 
Simulation studies
DISCUSSION
Baboo n studies
We used the ligand FESP, which binds mainly to D2-receptors in the striatum (Coenen et aI., 1987) , and PET to quantitate the D2-receptor densities and affi nities in the baboon striatum. As is shown in Fig.  2 , the increase in activity in the striatum as a func tion of time indicates high dopamine receptor den sity and affinity to D2-receptors.
The need for reliable data analysis methods to quantitate the density and affinity of receptor sys tems is becoming increasingly apparent (Huang et aI., 1986; Perlmutter et aI., 1986; Swart and Korf, 1987) . In this work, a systematic comparison of different kinetic analysis techniques to estimate receptor density and affinity was based on a statistical test that compares the variance in parameter estimates. Analysis of par am eter variance provided information about the rela tive reliability of different estimation methods. These methods were variations of a comprehensive nonlinear kinetic model shown in Fig. 1 . The use of actual kinetic experimental data is a realistic test of these analysis techniques and is, in this case, pre ferred to computer simulation in which one may not be able to simulate all error sources present in ki netic neuroreceptor PET studies. The analysis of variance of parameter estimates is a very sensitive test in the differentiation of different analysis meth ods, but it is also possible to use other criteria such as goodness of fit. Although other data analysis methods besides methods A-F are feasible, the present approach can be applied to compare any number of analysis techniques. Arterial blood samples were corrected for metab olites by HPLC analysis. The corrected values were used in the dynamic analysis. It was assumed in all models that there is no metabolism of the ligand during the experimental period. In the analysis of tissue TACs, it was assumed that metabolites do not pass through the blood-brain barrier, based on the work of Coenen et al. (1987) who found negli gible amounts of metabolites in murine tissue.
The results show that the individual estimated Bma x is very sensitive to the choice of model con figuration and exact data analysis technique, as can be seen in Table 2 . The mean Bma x values from different analysis methods are in reasonable agree ment with the value of 26.9 ± 2.5 pmol g-I obtained post mortem in Cynomolgus monkeys (Madras et al., 1988) . Although the mean parameter values by using different techniques are relatively stable, there is a wide variation of parameter estimate val ues for each analysis method. The T ACs do not seem to provide sufficient and consistent informa tion to estimate all parameters in this nonlinear model in a unique way. With low ligand specific activity «30 Cilmmol), the estimation procedure did not converge. The increased CblAs ratio seems to cause a compensatory increase in the estimated value of Bma x in the fitting procedure. For example, for an experiment with ligand specific activity of 5.76 Cilmmol, the fitted k3 = 0.02 min -I (at t = 222 min), CJAs = 37.4 pmol g-l, andBma x = 49.9 pmol g-I using method E.
For high ligand specific activity (> 1 ,000 Cil mmol), CblAs = 0 and k3 = f2ka Bma x. The nonlinear system of differential equations is reduced to a lin ear system of differential equations with constant coefficients in which one actually estimates the product of f2ka and Bmax' The fitting algorithm is confronted with an ill-defined problem since many different combinations of the parameters Bma x and f2ka may result in the same product. In the kinetic approach one estimates only the product of ka and f2' Therefore, an estimate of f2 is required if one is interested in the value of ka • f2 is estimated either from the ligand kinetics in a nonspecific ally bound region of the brain (Mintun et al., 1984; or from in vitro studies. Therefore, the uncertainty in the implicit value of f2 is reflected directly in the error in the estimated value of ka when the product of the two is known.
An implication of the large scatter in the esti mated values of the nonlinear model parameters is that with FESP and the present quality of the dy namic PET data, there are methodological difficul ties using an almost irreversibly bound ligand like FESP as a clinical tool for D2-receptor binding in individual pathological cases. However, in a patient population with a defined pathology, FESP recep tor binding may well be used to study modifications of the D2-receptor system (Wienhard et al., 1989) .
Simulation studies
The choice of ligand and experimental design can ameliorate the reliability of parameter estimates. The choice of the ligand is based on such factors as biodistribution, blood-brain barrier transport, me tabolism, and the possibility of synthesis of the tracer (Young et al., 1986) . It is also possible to improve Bma x estimates by the choice of ligand and optimal experimental design. As can be seen in Fig.  3 , ligand binding properties as well as the mass of injected ligand affect the precision of estimating Bma x. For typical parameter values in PET patient kinetic studies, a ligand with Kdf2 of -100 nM and specific activity of 100 Ci/mmol provides precise (i.e., low coefficient of variation, as shown in Fig.  3 ) but inaccurate (i.e., biased, as shown in Fig. 4 ) estimates of Bma x. In contrast, a ligand with Kdf2 of -1 nM and specific activity of 30 Cilmmol provides precise ( Fig. 3) and accurate (Fig. 4) estimates of Bma x' In a similar study, by examining the coeffi cient of variation of parameter estimates, Bahn et al. (1988) reported improvements in parameter es timates by the choice of experimental design and ligand biochemical characteristics.
CONCLUSION
We found that with the ligand FESP in dynamic PET studies, the individual estimated values of Bmax and other model parameters are sensitive to the choice of exact model configuration, ligand spe cific activity, and data analysis technique. The use of FESP as a clinical tool for D2-dopamine receptor characterization may be limited by the estimation reliability of parameters in a relatively complex ki netic model. The reliability of parameter estimates may, however, be improved by certain experimen tal variables such as the choice of ligand specific activity and ligand binding characteristics.
